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Abstract
The goal of this research was to determine the changes in streamflow, dissolved inorganic nitrogen (DIN)
leaching and export to the Gulf of Mexico associated with a range of large-scale dedicated perennial cellulosic
bioenergy production scenarios within in the Mississippi–Atchafalaya River Basin (MARB). To achieve this goal,
we used Agro-IBIS, a vegetation model capable of simulating the biogeochemistry of row crops, miscanthus and
switchgrass, coupled with THMB, a hydrology model capable of simulating streamflow and DIN export. Simula-
tions were conducted at varying fertilizer application rates (0–200 kg N ha1) and fractional replacement
(5–25%) of current row crops with miscanthus or switchgrass across the MARB. The analysis also includes two
scenarios where miscanthus and switchgrass (MRX and MRS, respectively) each replace the ca. 40% of maize
production currently devoted to ethanol. Across the scenarios, there were minor reductions in runoff and
streamflow throughout the MARB, with the largest differences (ca. 6%) occurring for miscanthus at the highest
fractional replacement scenarios in drier portions of the region. However, differences in total MARB discharge
at the basin outlet were less than 1.5% even in the MRX scenario. Reductions in DIN export were much larger
on a percentage basis than reductions in runoff, with the highest replacement scenarios decreasing long-term
mean DIN export by ca. 15% and 20% for switchgrass and miscanthus, respectively. Fertilization scenarios show
that significant reductions in DIN leaching are possible even with application rates of 100 and 150 kg N ha1
for switchgrass and miscanthus, respectively. These results indicate that, given targeted management strategies,
there is potential for miscanthus and switchgrass to provide key ecosystem services by reducing the export of
DIN, while avoiding hydrologic impacts of reduced streamflow.
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Introduction
To meet the cellulosic targets set in place by the US 2007
Energy Independence and Security Act (EISA), the Mis-
sissippi–Atchafalaya River Basins (MARB) may require
significant land use change. Production of the current
dominant ethanol feedstock in the United States, maize
grain, is capped at 15 billion gallons per year by the
Renewable Fuels Standard 2 (RFS2; EPA, 2010) and is at
maximum capacity, with ca. 40% of maize production
devoted to ethanol (Wallander et al., 2011; https://
www.extension.iastate.edu/agdm/crops/outlook/corn
balancesheet.pdf). Numerous studies implementing a
wide range of statistical, empirical and numerical tech-
niques have indicated that the leaching of excess nitrogen
(N) fertilizer in the form of dissolved inorganic nitrogen
(DIN) under current row crop production is a major dri-
ver of the Gulf of Mexico hypoxic zone or ‘dead zone’
(Rabalais et al., 1996; Goolsby et al., 2000, 2001; Donner
et al., 2004a; Royer et al., 2006; Alexander et al., 2008;
David et al., 2010; Turner et al., 2012; Deb et al., 2015).
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In 2008, the Mississippi Basin/Gulf of Mexico Task
Force set in place a goal to reduce the size of the
hypoxic zone from ~20 000 to <5000 km2 by the year
2015 (Mississippi River/Gulf of Mexico Watershed
Nutrient Task Force 2008). However, that goal was not
met and the target has now been extended to the year
2035 (Mississippi River/Gulf of Mexico Watershed
Nutrient Task Force, 2015). It is predicted that annual
DIN export would have to decrease by 30–55% to meet
this goal (Donner & Scavia, 2007; Scavia & Donnelly,
2007). It has been suggested that reducing N fertilizer
application by ~10% over the MARB could reduce DIN
export by ~30%, approaching the EPA target (McIsaac
et al., 2001); however, it is uncertain how this change in
management might affect maize yields. Increasing
maize production beyond current levels to meet cellu-
losic ethanol production mandates is predicted to
increase in DIN leaching and the size of the hypoxic
zone (Donner & Kucharik, 2008; Secchi et al., 2011). A
potential option to meet the mandated cellulosic pro-
duction without increasing nutrient inputs while reduc-
ing the size of the hypoxic zone is to convert a portion
of the land in the MARB to produce dedicated perennial
cellulosic feedstocks such as switchgrass and miscant-
hus (Heaton et al., 2008; Somerville et al., 2010; Deb
et al., 2015; Hudiburg et al., 2016).
The benefit of incorporating cellulosic plant material
into the energy sector is to decrease the demand for fos-
sil fuels and the pollution they cause, especially with
respect to carbon dioxide, a key greenhouse gas (Inter-
governmental Panel on Climate Change; IPCC, 2007;
Davis et al., 2010; RFS2; Hudiburg et al., 2016). How-
ever, it is important to evaluate the production of
cellulosic feedstock in the context of environmental
trade-offs that may occur, particularly those related to
the hydrologic cycle (Rowe et al., 2009; Bagley et al.,
2014; Bernacchi & VanLoocke, 2015). It has been shown
that miscanthus and switchgrass remove more carbon
(C) from the atmosphere (Davis et al., 2010; Zeri et al.,
2011, 2013; Anderson-Teixeira et al., 2013), require less
nutrient application (Christian et al., 1997; Heaton et al.,
2004, 2010) and leach less DIN (Beale & Long, 1997;
McIsaac et al., 2010; Smith et al., 2013) relative to annual
crops and may present opportunities for additional
ecosystem services (Costello et al., 2009; McIsaac et al.,
2010; Ng et al., 2010; Davis et al., 2012). These previous
findings and ecosystem model simulations show that
incorporating perennials, including miscanthus or
switchgrass, on land that is currently under maize pro-
duction for ethanol could reduce significantly DIN
leaching and greenhouse gas (GHGs) emissions on a
land surface basis (Davis et al., 2012; Iqbal et al., 2015).
However, experiments also show that potential cellu-
losic feedstocks use more water (Hickman et al., 2010;
McIsaac et al., 2010; VanLoocke et al., 2010, 2012) than
current vegetation that may result in reductions in
streamflow (McIsaac et al., 2010). Historic shifts in land
use associated with agricultural production have been
shown to alter the hydrologic cycle at the basin scale in
the MARB, with the transition from perennial grasslands
in forests to annual croplands resulting in less ET and
greater runoff and streamflow (Twine et al., 2004; Zhang
& Schilling, 2006). Conversely, if the hydrologic cycle is
altered by an increase in rates of ET associated with mis-
canthus and switchgrass, less water flowing though
streams and rivers could potentially inhibit river trans-
portation of goods and result in higher concentrations of
riverine pollutants thereby degrading water quality.
Current research focusing on water quantity and
quality changes associated with cellulosic feedstocks fits
into three primary categories: (1) plot-scale measure-
ments of nitrate movement within the soil profile
(McIsaac et al., 2010; Behnke et al., 2012; Smith et al.,
2013), (2) watershed-scale models that do not include
mechanistic growth and physiology modules for mis-
canthus and switchgrass (Costello et al., 2009; Ng et al.,
2010; Wu et al., 2012; Deb et al., 2015; Housh et al.,
2015), and (3) basin-scale studies that simulate changes
in leaching but do not include the routing of DIN and
runoff through the MARB to the Gulf of Mexico (Davis
et al., 2012). At the plot scale, miscanthus and switch-
grass were shown to have significantly lower DIN
leaching relative to the maize/soy rotation in central
Illinois, with fertilized (57 kg N ha1) plots of switch-
grass showing little or no leaching after reaching matu-
rity (Smith et al., 2013). This reduction in leaching is
attributed to extended periods of crop growth, the effi-
cient internal recycling of nutrients and low fertilizer
requirements associated with perennial species resulting
in relatively small losses of N to the subsoil (Amougou
et al., 2012; Cadoux et al., 2012; Smith et al., 2013). At
the watershed scale, cellulosic feedstock production is
predicted to decrease DIN export (Ng et al., 2010; Deb
et al., 2015). At the basin scale, it has been shown that
cellulosic production could, depending on type of feed-
stock and management practice employed, reduce total
MARB leaching by up to 22% if maize production for
ethanol was displaced by cellulosic feedstocks (Davis
et al., 2012).
While these previous studies provided evidence for
the potential ecosystem services of transitioning to cel-
lulosic production, it is yet to be estimated what the
total change to DIN export and stream flow from the
MARB would be under such scenarios. Hydrologic pro-
cesses are, tightly coupled to the N cycle (Castellano
et al., 2010, 2013), key drivers of DIN transport in the
MARB (Donner et al., 2002) and sensitive to land use
change (Twine et al., 2004). Therefore, it is crucial to
© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12385
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implement a model framework explicitly validated to
simulate the hydrology of miscanthus and switchgrass
and that is capable of simulating DIN leaching across
the entire basin.
The goal of this study was to quantify the change in
streamflow and DIN export for the MARB under a
range of large-scale cellulosic feedstock production sce-
narios. To accomplish this goal, a series of coupled sim-
ulations are conducted using the Integrated Biosphere
Simulator – Agricultural version (Agro-IBIS; Kucharik,
2003) and the Terrestrial Hydrology Model with Biogeo-
chemistry (THMB; Coe, 1998, 2000; Donner et al., 2002)
to produce output for a range of scenarios aimed at
addressing the scale of cellulosic feedstock production
necessary to meet the RFS2 mandate (Table 1). The sce-
narios are only intended to be hypothetical and consist
of various fractions of existing crops replaced with mis-
canthus or switchgrass over a range of fertilizer applica-
tion rates including two scenarios where miscanthus
(MRX) or switchgrass (MRS) replace the ca. 40% of
maize grain currently going to ethanol. We anticipate
that introducing the production of cellulosic feedstocks
will (1) result in a reduction in streamflow proportional
to the increase in ET through a decrease in runoff, and
(2) result in a reduction in the export of DIN to the Gulf
of Mexico proportional to the decrease in DIN leaching
associated with the various production scenarios. If the
change in DIN leaching is relatively greater than the
change in runoff, we also anticipate that (3) the reduc-
tion in DIN export will be greater than the reduction in
discharge within a given production scenario. Because
DIN leaching is greater in the more humid (i.e., greater
drainage) portions of the Midwest (Burkart & James,
1999; Goolsby et al., 2000; Donner et al., 2004a,b; Don-
ner & Kucharik, 2008), we also anticipate that (4) the
reduction in DIN export will be greater per unit area
when miscanthus or switchgrass replace corn/soy in
more humid regions relative to dry regions. Finally,
because maize typically has the highest rates of ET and
DIN leaching (Donner et al., 2004a,b) relative to the
other major crops in MARB, we anticipate that (5) the
MRX and MRS scenarios will have minimal impacts on
streamflow while maximizing reductions in DIN export.
Materials and methods
Model procedure description
The model procedure used in this study builds off of previous
implementations of Agro-IBIS and THMB to study effects of
land use change on streamflow and biogeochemistry (e.g.,
Donner et al., 2002; Costa et al., 2003; Donner & Kucharik, 2008;
Coe et al., 2011). Agro-IBIS and THMB were run in a semicou-
pled (Fig. S1) set of simulations (Table 1). The THMB
simulations were run at 5 min 9 5 min (~7 km 9 9 km) spa-
tial resolution and were driven by using simulated monthly
mean surface runoff, subsurface drainage and leached DIN
from a corresponding 0.5° 9 0.5° Agro-IBIS grid cell. An Agro-
IBIS spin-up simulation was performed with natural vegetation
to allow soil carbon and nitrogen pools to reach a near equilib-
rium (VanLoocke et al., 2010). A 1-year spin-up was conducted
for the THMB simulations to allow mass transport to reach a
quasi-steady state. Simulations in both models were run for a
domain that encapsulated the MARB (50.75° N to 28.75° N;
75.75° W to 115.25° W). This procedure has been evaluated pre-
viously for the simulation of streamflow and DIN export in the
MARB (Donner et al., 2002; Donner & Kucharik, 2003, 2008). A
description of the previous evaluations of THMB and Agro-
IBIS against observations in literature is provided in the respec-
tive model descriptions sections below.
A total of 54 simulations were conducted (Table 1). Simula-
tions included a baseline scenario for model evaluation pur-
poses with current land use and historic fertilizer application
rates. A current land use scenario with approximations of cur-
rent fertilizer application rates provided the control by which
comparisons were made for the cellulosic feedstock scenarios.
Experimental scenarios included five fraction coverage scenar-
ios, where land currently in row crop (i.e., maize, soybean
and/or wheat) production is converted to miscanthus or
switchgrass, at five fertilizer application rates (25 simulations
per feedstock). Finally, two simulations were conducted
whereby miscanthus (MRX) or switchgrass (MRS) replace the
ca. 40% of land currently under maize production that is being
used for ethanol production.
Table 1 The fertilizer application rate and fraction of current
cropland replaced for the varying cellulosic feedstock produc-
tion scenarios simulated
Fraction
coverage
scenario
Percentage
of cropland
replaced % N-Fertilizer kg N ha1
Baseline NA Historic rates*
Control NA Current rates†
5‡ 5 0, 50, 100, 150 and 200
10‡ 10 0, 50, 100, 150 and 200
15‡ 15 0, 50, 100, 150 and 200
20‡ 20 0, 50, 100, 150 and 200
25‡ 25 0, 50, 100, 150 and 200
MRX 40% of maize 0
MRS 40% of maize 50
*Historic rates are input for each crop (maize, soybean, wheat)
based on the USDA state-level agricultural chemical use sur-
veys (www.ers.usda.gov/Data/FertilizerUse).
†Current rates are 2001–2005 average.
‡The 5, 10, 15, 20 and 25 Fraction coverage scenarios were sim-
ulated independently for both miscanthus and switchgrass at
each of the fertilizer application rates. Five replacement levels
each with five fertilizer levels produces 25 scenarios per feed-
stock, yielding 50 scenarios.
© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12385
CELLULOSIC BIOFUELS, WATER QUALITY/QUANTITY 3
Agro-IBIS description
Agro-IBIS is a dynamic global vegetation model that has been
adapted from the original IBIS model (Foley et al., 1996; Kucharik
et al., 2000) to simulate the biogeochemical cycles and biophysical
processes associated with the production and management of
most major US crops (Kucharik & Brye, 2003). Carbon and water
exchange are simulated on an hourly time step based on a bio-
physical/biochemical approach that includes the C3 and C4 pho-
tosynthetic pathways and leaf physiology (Farquhar et al., 1980;
Collatz et al., 1991) and canopy scaling (Thompson & Pollard,
1995a,b). Total evapotranspiration is calculated hourly by sum-
ming the fluxes of water vapor from transpiration and direct
evaporation from puddle, soil and leaf surfaces.
Fluxes and pools of C and nitrogen in soil and plant matter
are calculated daily. Soil N pools include soil organic N and
DIN. The primary belowground N dynamics represented in
Agro-IBIS includes mineralization and immobilization. Plant
uptake of N from soil pools to roots is determined by the size
of N pools and the transpiration rate. Plant uptake of N is par-
titioned into the various biomass pools (leaf, stem and root),
and the portion that is not removed in harvest is recycled in lit-
ter. Limitations are imposed on photosynthesis through modi-
fying carboxylation capacity when the availability of N is
suboptimal (Donner & Kucharik, 2003; Kucharik & Brye, 2003).
The rate of DIN leaching is dependent on the concentration of
DIN and the rate of subsurface drainage (Donner & Kucharik,
2003; Kucharik & Brye, 2003).
For the current analysis, an algorithm was developed and
calibrated based on measured data (Himken et al., 1997; Heaton
et al., 2009; Dohleman et al., 2012; Wilson et al., 2013; Boersma
et al., 2015) to simulate the movement of C and N between
aboveground (i.e., shoots) and belowground (i.e., roots and rhi-
zome) pools. Miscanthus and switchgrass each have their own
algorithm that is based on the mass balance and tissue-specific
N concentration data (Dohleman et al., 2012). Starting on the
day of emergence, the algorithm allows for translocation (i.e.,
the transfer of belowground biomass and N to shoots) to initi-
ate canopy development (Fig. S2). As with annual crops,
canopy leaf area is updated daily based on the mass of C allo-
cated to leaves and the specific leaf area, which varies among
crop types (Kucharik, 2003). Phenology and C allocation are
dynamics throughout the growing season and are dictated by
the accumulation of growing degree days or temperature
thresholds. At senescence, each algorithm drives translocation
of aboveground C and N to belowground storage, which has a
low turnover rate over the winter (Dohleman et al., 2012).
Agro-IBIS requires hourly values of air temperature, humid-
ity, solar radiation and wind speed to drive physical processes.
These data were derived from a procedure that combined cli-
mate data sets from University of East Anglia Climate Research
Unit (New et al., 1999; Mitchell & Jones, 2005) and the National
Centers for Environmental Prediction–National Center for Atmo-
spheric Research reanalysis data (Kalnay et al., 1996; Kistler
et al., 2001). Based on these data, hourly values were generated
using a statistical procedure that accounts for diurnal patterns
and relationships of atmospheric variables (Campbell & Nor-
man, 1998). Soil texture in Agro-IBIS is prescribed for 11 layers
of varying thickness to a depth of 2.5 m based on the CONUS
soil data set (Miller & White, 1998). Further description of Agro-
IBIS and its predecessor IBIS, including its development and
implementation, have been presented in detail elsewhere (Foley
et al., 1996; Delire & Foley, 1999; Kucharik et al., 2000; Lenters
et al., 2000; Kucharik, 2003; Donner et al., 2004a,b; Kucharik &
Twine, 2007; Twine & Kucharik, 2009; Sacks & Kucharik, 2011).
The Agro-IBIS evaluation for the growth and function of cur-
rent major crops (corn, soy, wheat; Kucharik, 2003; Kucharik &
Twine, 2007; Twine & Kucharik, 2008; Twine et al., 2013) as
well as for miscanthus and switchgrass (VanLoocke et al., 2010,
2012) has been described previously. Specific evaluations rele-
vant to this work include comparisons to numerous field-based
measurements of key N fluxes and pools for both aboveground
and belowground dynamics (Kucharik & Brye, 2003). Agro-IBIS
simulated maize yields have been compared to US Department
of Agriculture yield observations across the Corn Belt
(Kucharik, 2003). Simulated maize and soybean canopy fluxes
and leaf area have been evaluated against flux observations
over numerous growing seasons (Kucharik & Twine, 2007).
Agro-IBIS simulation of miscanthus and switchgrass hydrology
was evaluated against observations of ET over multiple years
using two independent methods and showed strong agreement
(VanLoocke et al., 2010, 2012).
THMB description
Terrestrial Hydrology Model with Biogeochemistry simulates
the storage, transport and removal of water and N on an
hourly time step, based on Agro-IBIS inputs of DIN leaching,
surface runoff, subsurface drainage, precipitation and evapora-
tion from surface waters at a 5 min 9 5 min spatial resolution
(Coe, 1998; Donner et al., 2002). Surface waters in THMB
include rivers, wetlands, lakes and anthropogenic reservoirs. In
THMB, the transport of input water and N depends on local
topography as well as inputs from upstream grid cells. Dis-
solved inorganic N includes NOx and NH3, because NOx repre-
sents >95% of DIN reaching the Gulf of Mexico (Aulenbach
et al., 2007). THMB transports all DIN together. A portion of
leached DIN is lost in the THMB surface waters due to denitri-
fication through the reduction of NO3 to N2O and N2 and is
dependent on river bed morphology, solute concentration and
water temperature (Donner et al., 2004b).
The ability of THMB and its predecessors, surface water area
model (i.e., SWAM) and hydrologic routing algorithm (i.e.,
HYDRA), to simulate streamflow (discharge) and nutrient
export has been tested in numerous studies, covering a wide
range of scales and locations. Evaluations include comparison
of simulations against annual mean discharge and lake area for
major global basins and lakes (Coe, 1998) and the accuracy of
the surface hydrology in general circulation models (Coe,
2000). At the continental scale, discharge and DIN export (NO3
yield) for internal sub-basins within the MARB for ca. 30 total
US observation stations from the Geological Survey, National
Water Service (USGS) and Global Monthly River Discharge
Data Set (Donner et al., 2002) showed good agreement with
model simulations for discharge. Evaluations of an updated
version of the model for the Upper Mississippi River Basin
showed stronger correlation of discharge and DIN export to
© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12385
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USGS observation in the basin (Donner & Kucharik, 2003;
Donner et al., 2004a,b) and showed strong agreement with
USGS observed DIN export at near the outlet of the MARB
(Donner & Kucharik, 2008).
Land use
The fraction crop coverage in each 5 min 9 5 min grid cell is
aggregated based an integration of a satellite-based data set of
total area in crop production with the USDA county-level data
(www.nass.usda.gov) for the area planted in major crops
including maize, soybeans, spring and winter wheat (Raman-
kutty et al., 2008; for a full description, see Donner & Kucharik,
2008). The distribution of natural vegetation in the model
domain was determined using vegetation maps (Ramankutty
& Foley, 1998) and the International Geosphere Biosphere Pro-
grammes’s 1-km DISCover land cover data (Loveland & Bel-
ward, 1997). There is significant uncertainty surrounding the
future locations and intensity of production of cellulosic feed-
stocks. Therefore, a series of simulations were conducted at
varying fraction coverages for miscanthus and switchgrass
(Table 1). These scenarios include even coverage across the
land currently in production of maize, soy, spring and winter
wheat in the MARB domain (Fig. S3a), as well as targeted
replacement of existing maize/soy production, with the intent
of simulating the displacement of current grain ethanol with
dedicated perennial cellulosic ethanol (Fig. S3b).
Management
In the baseline scenario, each of the current crops was fertilized
at historic rates, and in the control simulation, the 2001–2005
average application rates were used (Table 1; Donner &
Kucharik, 2008). The fertilizer input data are based on the
USDA state-level agricultural chemical use surveys (http://
www.ers.usda.gov/Data/FertilizerUse/; Donner & Kucharik,
2008). Modern rather than historic fertilizer inputs were chosen
for the control run to represent the changes in the system that
would occur if perennials are to replace annuals moving for-
ward, rather than the changes that would have occurred over
the last 30 years. Further detail on the distribution of fertilizer
application and the response of the model to fertilizer input
was evaluated previously by Donner et al. (2004a). With respect
to the management of perennial feedstocks, there is significant
uncertainty surrounding the most likely application rates of
fertilizer in the management of switchgrass and miscanthus, a
series of simulations were conducted at varying fertilizer levels
(Table 1). This range includes the various recommendations
made based on study sites for switchgrass and miscanthus
(Adler et al., 2007; Miguez et al., 2008; Schmer et al., 2008;
Varvel et al., 2008; Cadoux et al., 2012). Following the recom-
mended practices of Smith et al. (2013), the MRX and MRS
scenarios were fertilized at 0 and 50 kg N ha1, respectively.
Model evaluation
Simulated annual mean streamflow and DIN export from the
control scenario were compared to USGS observations
(Aulenbach et al., 2007) near the outlet of the MARB. Output
from the nearest corresponding THMB grid cell was compared
to the USGS observations for the Mississppi River at Tambert
Landing, MS, Old River Outflow, and the Atchafalaya River at
Simmersport, LA. Simulated and observed values from 1980 to
2001 were summed from each of the respective observation
points to produce the total MARB DIN export (Fig. 1a) and
streamflow at the outlet (i.e., discharge; Fig. 1b).
Results
Comparison of streamflow and DIN export in baseline
simulation to observations
The baseline simulation (Table 1) reproduces the
observed interannual variability and long-term mean in
Fig. 1 Observed (US Geological Survey Open-File Report
2007-1080) and simulated (baseline scenario) dissolved inor-
ganic nitrogen (DIN) export (a) and total annual discharge (b)
to the Gulf of Mexico for the 22-year period spanning 1980–
2001 and the mean over that period. Values are the sum of
DIN export of the Mississppi River at St. Francisville LA and
the Atchafalaya River at Melville LA.
© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12385
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discharge and DIN export from the MARB (Fig. 1). Sim-
ulated annual mean DIN export corresponds well to the
observations (model = 0.84 obs + 0.10; r2 = 0.91), with
the overall simulated mean within 5% of the observed
value (Fig. 1a). Simulated annual mean discharge cap-
tures the majority of observed interannual variability
(r2 = 0.93) with a slight bias (model = 1.01 obs + 2722)
and the overall simulated mean is ca. 11% greater than
the observed mean (Fig. 1b).
Comparison of runoff in control simulation to replacement
scenarios
The Agro-IBIS simulated total annual mean runoff (sur-
face + subsurface) varies significantly across the MARB
for the control simulation, with values <50 mm yr1 in
the driest and western-most portions of the domain and
>650 mm yr1 near the Gulf of Mexico outlet (Fig. 2a).
The pattern of total annual runoff is similar to annual
mean precipitation across the Basin (data not shown),
showing a general increase following the gradient in
precipitation from north to south as well as west to east.
In the cellulosic replacement scenarios (Table 1), runoff
is similar for all the fertilizer application rates (data not
shown) but varies widely between the various fraction
replacement scenarios (Fig. 3).
At the 5% replacement level, there is less than a 2%
decrease in runoff (per grid cell) for switchgrass and a
2–4% decrease for miscanthus runoff relative to control
(Fig. 3a, e). Differences in runoff are larger at greater
replacement levels, with switchgrass decreases ranging
from 2% to 8% (Fig. 3e–h) and miscanthus from 4% to
10% (Fig. 3a–d) lower than control for the 15% and 25%
replacement scenarios, respectively. Compared to con-
trol, throughout the Corn Belt (Iowa, Illinois, Indiana
and Ohio), the MRS scenario shows less than a 4%
decrease in runoff, while the MRX scenario shows a
4–6% decrease in runoff in the eastern portions and up
to 10% in the western portions of the Corn Belt in total
runoff.
Neither the MRX nor the MRS scenarios show any
differences >2% in total runoff relative to control in the
southern portions of the domain near the Lower Missis-
sippi (Fig. 3d, h). Miscanthus and switchgrass both
show smaller changes in total runoff under the MRX
and MRS scenarios compared to control than under the
respective 25% replacement scenarios (Fig. 3c–h). For all
scenarios, on a percentage basis, the changes in runoff
relative to control were largest in the drier western
portions of the domain (Fig. 3), where the absolute
values of runoff in the control simulation tended to be
the lowest (Fig. 2a).
Comparison of DIN leaching in control simulation to
replacement scenarios
Simulated annual mean DIN leaching also varies highly
across the domain for the control simulation, with val-
ues less than 5 kg N ha1 yr1 throughout most of the
unmanaged portions of the domain, and values exceed-
ing 50 kg N ha1 yr1 in eastern portions of the Corn
Belt (Fig. 2b). Portions of the domain dominated by
maize production have the highest leaching rates, with
portions where wheat or soybean are dominant having
generally lower leaching rates. Leaching rates increase
with runoff within regions of similar crop production
(e.g., the Corn Belt), with leaching rates 25–50% greater
in the transect stretching from Eastern Illinois to Wes-
tern Ohio relative to the Eastern Nebraska and Iowa
region (Fig. 2).
In the cellulosic replacement scenarios, DIN leaching
varies with the fraction of land replaced. There is little
variability across the domain for differences in DIN
leaching relative to control within a given cellulosic
replacement level; however, there are large differences
Fig. 2 Simulated annual mean total runoff (surface + subsur-
face) (a) and total annual mean dissolved inorganic nitrate
leaching (DIN) (b) in the Mississippi–Atchafalaya River Basin
for the control simulation over the 33-year period spanning
1970–2002.
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Fig. 3 Simulated mean annual percent difference (scenario – control) in total runoff in the Mississippi–Atchafalaya River Basin for
the miscanthus (a–d) and switchgrass (e–h) scenarios at 5% (a, e), 15% (b, f) and 25% (c, g) replacement at the 0 kg N ha1 fertilizer
rate as well as the MRX (d), and MRS (h) cellulosic for maize scenarios for the 33-year period spanning 1970–2002.
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among scenarios, with the largest differences occurring
at the highest replacement levels (Fig. 4). At the 5%
replacement level, neither miscanthus nor switchgrass
shows reductions in mean DIN leaching exceeding 5%
compared to control (Fig. 4a, e); however, as replace-
ment increases to 15%, both show decreases in DIN
leaching over 10% (Fig. 4b, f), and at the 25% replace-
ment level, there are portions of the domain showing
decreases over 20% (Fig. 4c, g). The largest differences
relative to control in mean DIN leaching for both mis-
canthus and switchgrass occur in the MRX and MRS
scenarios, showing over 25% and 20% reductions,
respectively, across the majority of the Corn Belt
(Fig. 4d, h). As with runoff, miscanthus has a larger
decrease in DIN relative to switchgrass throughout the
MARB (Fig. 4).
Comparison of streamflow in control simulation to
replacement scenarios
The THMB-simulated mean streamflow for the various
rivers in the MARB network shows a range of flow rates
spanning four orders of magnitude, with the fourth-
and third-order rivers/streams generally less than
500 m3 s1, the second-order rivers (e.g., Missouri,
Ohio and Arkansas) in the 500–5000 m3 s1 range
and the lower Mississippi and Atchafalaya ranging
5000–30 000 m3 s1 (Fig. 5a). Similar to the results for
runoff, there is little variability in streamflow for the cel-
lulosic replacement scenarios with fertilizer application
rate (data not shown). However, there are notable dif-
ferences in streamflow between the various replacement
levels relative to the control. In the cellulosic replace-
ment scenarios, mean streamflow is reduced by <3%
relative to control across the domain at the lowest
replacement level for both miscanthus and switchgrass
(Fig. 6a, e). At the 15% replacement level, switchgrass
reductions in mean streamflow relative to control are
still <3% throughout the domain, with miscanthus
showing 3–6% reductions relative to control in portions
of the upper Missouri and surrounding tributaries
(Fig. 6b, f). At the 25% level, there are still very few riv-
ers showing over 3% reductions in mean streamflow for
switchgrass compared to control; however, reductions
of up to 6% in portions of the Missouri and Upper Mis-
sissippi rivers and surrounding tributaries are simu-
lated (Fig. 6c, g). Similar to the pattern for runoff, the
differences relative to control in streamflow are smaller
in the MRX and MRS scenarios compared to the respec-
tive 25% replacement scenarios (Fig. 6c–h). The MRX
scenario shows a small number of rivers with 3%
decreases in streamflow compared to control, while
the MRS scenario differences in streamflow are <3%
throughout the domain. Overall decreases in mean
streamflow relative to control are greater for miscanthus
than for switchgrass, with the largest reductions occur-
ring in second- and third-order rivers and correspond-
ing to the areas of greatest decreases in runoff (Figs 5a
and 6); however, reductions never exceeded 7% in any
scenario.
Comparison of DIN export in control simulation to
replacement scenarios
Simulated mean DIN export follows a pattern similar to
streamflow for the control simulation across the MARB
(Fig. 5). As with streamflow, the DIN export spans sev-
eral orders of magnitude across all rivers, with third-
and fourth-order rivers averaging between 500 and
5000 metric tons yr1 and second-order rivers an order
of magnitude larger, and the Lower Mississippi River
averaging up to 500 000 metric tons yr1 (Fig. 5b). As
with DIN leaching, only the 0 kg N ha1 fertilizer
application scenarios are shown and discussion of the
dependence of DIN export on fertilizer application rate
is presented only at the basin outlet.
Unlike the patterns for percent changes in streamflow
for the cellulosic scenarios (Fig. 6), differences in mean
DIN export relative to control are more evenly dis-
tributed across the domain (Fig. 7). At the 5% replace-
ment level, both miscanthus and switchgrass show an
even distribution of 1–5% reductions in mean DIN
export relative to the control (Fig. 7a, e). The higher
replacement levels show greater decreases in mean DIN
export compared to control, with the 15% replacement
scenario showing reductions of 5–15% (Fig. 7b, f) and
the 25% replacement showing most rivers with at least
5% reductions, and up to 15% for miscanthus, through-
out the MARB (Fig. 7c, g). Following the pattern in
mean DIN leaching, the largest differences in mean DIN
export occurs in the MRX and MRS scenarios, with the
majority of the domain showing reductions >5% and
rivers in the northern portions of the MARB showing
over 15% reductions relative to control (Fig. 7d, h).
Overall, the percent reductions in DIN export compared
to control are ca. three times greater than that for
streamflow for the majority of the MARB (Figs 6 and 7).
The dependence of DIN leaching on fertilizer application
rate
At the 25% fraction replacement level, there is a
decrease in DIN leaching for scenarios relative to con-
trol across the entire domain for the 0, 50 and
100 kg N ha1 fertilizer rate scenarios for both miscant-
hus (Fig. 8a–c) and switchgrass (Fig. 8f–h). The areas in
the domain with the largest cellulosic species-based
decreases in DIN leaching correspond to where the
© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12385
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Fig. 4 Simulated mean annual percent difference (scenario – control) in DIN leaching in the Mississippi–Atchafalaya River Basin for
the miscanthus (a–d) and switchgrass (e–h) scenarios at 5% (a, e), 15% (b, f) and 25% (c, g) replacement as well as the MRX (d), and
MRS (h) cellulosic for maize scenarios for the 33-year period spanning 1970–2002.
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control simulations had the highest leaching rates
(Fig. 2b). The majority of the Corn Belt has decreased
DIN leaching for miscanthus relative to the control for
the 150 kg N ha1 fertilizer scenario relative to the con-
trol (Fig. 8d) but at the 200 kg N ha1 rate, large areas
of increased DIN leaching occur for miscanthus
(Fig. 8e). On the other hand, switchgrass has minimal
decreases in DIN leaching in the Corn Belt for the
150 kg N ha1 and increases in DIN leaching relative to
the control for the 200 kg N ha1 scenario across the
entire domain (Fig. 8i, j). Smaller fraction replacement
scenarios have a similar pattern to the 25% level but
with smaller magnitudes of differences (data not
shown).
Comparison of monthly mean streamflow and DIN export
at the MARB outlet
At the monthly time scale, there is no appreciable shift
in the pattern of total discharge at the outlet of the
MARB for either miscanthus or switchgrass across any
of the scenarios (Fig. 9a, c respectively). For both mis-
canthus and switchgrass, the largest differences relative
to control in mean discharge are in the 25% replacement
scenario, although they are only 1–2% lower for mis-
canthus (Fig. 9a) and <1% lower for switchgrass
(Fig. 9c). The differences in mean DIN export are much
larger than discharge for both species and for the
respective scenarios (Fig. 9a, c and b, d); however, there
is no appreciable shift in the pattern of monthly mean
DIN export at the outlet of the MARB (Fig. 9b, d). The
largest differences compared to control occur in May
and June and the smallest in September through
November for both species, with the MRX and MRS sce-
narios showing the greatest reductions in mean DIN
export for miscanthus and switchgrass (Fig. 9).
Comparison of annual mean streamflow and DIN export
at the MARB outlet
At an annual time scale, differences relative to control
in mean discharge at the outlet of the MARB are small
relative to mean DIN export for both miscanthus and
switchgrass for the various scenarios (Fig. 10). In the
miscanthus scenarios, the largest decrease relative to
control in mean discharge is in the 25% replacement
scenario with a ca 1.5% reduction (Fig. 10a). Switchgrass
shows a similar pattern; however, the mean difference
compared to control for the 25% replacement scenario is
<1% (Fig. 10c). Neither miscanthus nor switchgrass
shows appreciable differences in discharge between the
0 and 100 kg N ha1 scenarios (Fig. 10a, c).
There are, however, large differences between the
control and the replacement scenarios for mean DIN
export at the outlet of the MARB. Differences in mean
DIN export relative to control increase with higher
replacement scenarios, with the MRX and MRS scenar-
ios showing the largest reductions at ca. 20% and 16%
for miscanthus and switchgrass, respectively
(Fig. 10b, d). Mean DIN export was slightly higher for
the 100 kg N ha1 fertilizer scenarios relative to the
unfertilized simulations; however, the 95% confidence
intervals overlap for the two scenarios for both miscant-
hus and switchgrass (Fig. 10b, d, respectively). The sce-
narios with rates above 100 kg N ha1, however, have
significantly more DIN export relative to control, with
larger increases for switchgrass than miscanthus (data
not shown). Only the MRS scenario shows no overlap in
the 95% confidence interval between the control and
switchgrass simulations (Fig. 10d) while both the 25%
and MRX scenarios show no overlap in the 95% confi-
dence interval for DIN export in the miscanthus scenar-
ios (Fig. 10b).
Discussion
The goal of this study was to quantify the change in
streamflow and DIN export for a range of basin-scale
Fig. 5 Simulated mean streamflow (a) and annual mean DIN
export (b) for the Mississippi–Atchafalaya River Basin for the
control simulation over the 33-year period spanning 1970–2002.
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Fig. 6 Simulated mean annual percent difference (scenario – control) in streamflow in the Mississippi–Atchafalaya River Basin for
the miscanthus (a–d) and switchgrass (e–h) scenarios at 5% (a, e), 15% (b, f) and 25% (c, g) replacement as well as the MRX (d), and
MRS (h) cellulosic for maize scenarios for the 33-year period spanning 1970–2002.
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Fig. 7 Simulated mean annual percent difference (scenario – control) in DIN export in the Mississippi–Atchafalaya River Basin for
the miscanthus (a–d) and switchgrass (e–h) scenarios at 5% (a, e), 15% (b, f) and 25% (c, g) replacement at 0 kg N ha1 as well as the
MRX (d), and MRS (h) cellulosic for maize scenarios for the 33-year period spanning 1970–2002.
© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12385
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Fig. 8 Simulated mean annual difference (scenario – control) in DIN leaching for miscanthus (a–e) and switchgrass (f–j) for fertilizer
application rates of 0 kg N ha-1 (a, f), 50 kg N ha-1 (b, g), 100 kg N ha-1 (c, h), 150 kg N ha-1 (d, i) and 200 kg N ha-1 (e, j) at the 25%
replacement level for the period spanning 1970–2002.
© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12385
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cellulosic feedstock production scenarios for the MARB,
a region that is likely to undergo large-scale shifts in
feedstock production to meet the goals of the RFS2
(EPA 2010). The results presented here support anticipa-
tions 1 and 2 by showing that increasing the production
of the cellulosic feedstocks miscanthus and switchgrass
will reduce both the runoff of water and leaching of
DIN, with proportional reductions in streamflow and
the export of DIN in the MARB. The model indicated
that the reduction in DIN leaching was much larger rel-
ative to the reduction in runoff, supporting anticipation
3. The relative differences in runoff and DIN leaching
varied between the simulated scenarios, with higher fer-
tilizer application rates resulting in smaller reductions
in DIN export (Fig. 10). On a percent basis, simulated
changes in DIN leaching were similar across the domain
for both miscanthus and switchgrass for the unfertilized
scenario (Fig. 4). However, because the DIN leaching
rates are larger in the more humid, eastern and south-
ern areas (Fig. 2b), the change in the mass of leached
DIN was greatest in these regions, supporting
anticipation 4. The MRX and MRS scenarios had the
lowest mean DIN export of all the scenarios, and the
change in mean discharge relative to control was
slightly less than the 20 and 25% replacement scenarios
(Fig. 10), which supports anticipation 5.
The baseline scenario simulation agreed well with
observations (Fig. 1). The magnitude and spatial pat-
terns of DIN leaching across the MARB in the control
simulation were similar to modeling studies (Donner
et al., 2002, 2004a), which were consistent with observa-
tions in the basin (Goolsby et al., 2000). Our simulations
show ca. 15 and 20% reductions in long-term mean DIN
export and <2% reductions in total discharge, relative to
control, for the MRS and MRX scenarios, respectively
(Fig. 10). Similar to the findings presented here, Davis
et al. (2012) showed that replacing land currently under
maize production for ethanol in the Midwest United
States with cellulosic feedstocks could reduce N leach-
ing by ca. 20% while providing almost double the bio-
mass for ethanol production without impacting food
production. This corresponds to our MRX and MRS
Fig. 9 Simulated monthly mean total discharge (a, c) and DIN export (b, d) from the outlets of the Mississippi–Atchafalaya River
Basin over the 33-year period spanning 1970–2002 for the control as well as the miscanthus (a, b) and switchgrass (c, d) replacement
scenarios.
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scenarios, which both assumed an even distribution of
maize replacement. However, our results suggest
replacing current crops in key areas could maximize the
reductions in DIN export from the MARB, while mini-
mizing impacts on streamflow. For example, relatively
high DIN leaching coupled with low maize productivity
in the portions of the domain with highest precipitation
suggests that in these areas, transitioning to cellulosic
production may have the greatest potential to improve
water quality with minimal impacts on water quantity.
While changes in total discharge were small relative to
DIN export at the outlet of the MARB, there were areas
in the western, drier portions of the basin where differ-
ences in runoff and streamflow were notable, especially
in the higher fraction replacement scenarios for miscant-
hus (Figs 3 and 6). Our results show that switchgrass
has similar water use to maize in these regions; there-
fore, replacing maize with switchgrass rather than mis-
canthus in these areas could minimize changes to
streamflow (Fig. 6).
The simulations indicated no significant change in
DIN export across the 0–100 kg N ha1 fertilization
scenarios for miscanthus and switchgrass, but changes
did occur at and above 150 kg N ha1. The model simu-
lations indicated that most of applied N is being taken
up during the growing season and translocated to the
rhizome during senescence or removed with biomass at
harvest. These simulations agree with measurements
made in Central Illinois, where miscanthus and switch-
grass averaged peak N content values of ca. 340 and
170 kg N ha1 during the growing season and declined
to ca. 200 and 60 kg N ha1 by December, respectively,
in aboveground biomass (Dohleman et al., 2012). The
decrease in aboveground N is largely accounted for by
the process of remobilization or translocation to the
roots and rhizomes where N is stored. The remaining N
is lost through litter fall (Dohleman et al., 2012). The
remaining aboveground N would be removed from the
agro-ecosystems N cycle during harvest (Heaton et al.,
2009; Dohleman et al., 2012) and would not be available
for leaching and export by the riverine waters. How-
ever, the relatively prolonged period of rigorous growth
for perennials, especially miscanthus, compared to
annual row crops such as maize and soybean, should
Fig. 10 Simulated annual mean and percent change relative to control with a 95% confidence interval for discharge (a, b) and DIN
export (b, d) at the outlet of the Mississippi–Atchafalaya River Basin over the 33-year period spanning 1970–2002 for the control, 0
and 100 kg N ha1 fertilizer scenarios for the miscanthus (a, b) and switchgrass (c, d) replacement scenarios. The dashed lines repre-
sent no change relative to control.
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reduce losses of DIN that occur during times of drai-
nage prior to and after annual crop growth when the
soil is not frozen.
The simulations showing efficient uptake of N that
results in low leaching rates are supported by numerous
studies for miscanthus and switchgrass (Christian &
Riche, 1998; McIsaac et al., 2010; Smith et al., 2013). How-
ever, nutrient leaching in miscanthus and switchgrass is
dependent on factors including soil type (Behnke et al.,
2012), stand maturity (Christian et al., 1997) and success-
ful establishment (Smith et al., 2013; Lesur-Dumoulin
et al., 2016). In cases of poor establishment, leaching
rates for miscanthus have been shown to be similar to
nearby plots in the maize/soy rotation (Smith et al.,
2013; Lesur et al., 2014). Variation of reported leaching
rates under miscanthus and switchgrass has generally
been small, which can be attributed to similar manage-
ment and soil conditions for the research plots (e.g.,
McIsaac et al., 2010; Smith et al., 2013). However, one
study has indicated significant increases in DIN leaching
with increasing fertilizer application rate, which could
be attributed to the sandy loam capped soils in that
particular field site (Behnke et al., 2012).
This research is the first representation of altered
land use to accommodate bioenergy feedstocks that
explicitly simulates streamflow and DIN export for the
entire MARB. We have focused on major hypothetical
scenarios associated with the possibility of large-scale
land use change related to percentage fraction of
land use conversion (5–25%), nutrient applications rates
(0–200 kg N ha1), biofuel feedstock (miscanthus and
switchgrass) and type of current vegetation replaced
(existing major croplands in relative proportions or just
replacing maize). These scenarios, however, are very
general and hypothetical and will need to be refined as
the biofuel industry matures. Updates to these scenarios
could change the results but are likely to fall within the
range and patterns shown for the hypothetical scenarios.
Given the long-term and large-scale focus of this study,
factors that may increase the DIN leaching such as poor
establishment and immaturity of the stand (e.g., Smith
et al., 2013) were not considered. The timing of harvest
and stand age may also have a significant effect on the
N concentrations of biomass (Heaton et al., 2009) and the
mass of N removed at harvest (Boersma et al., 2015). In
this study, a constant harvest date for miscanthus and
switchgrass was used; therefore, the influence of timing
of harvest was not accounted for. There are also numer-
ous socioeconomic, agronomic, logistical and policy fac-
tors that will influence the selection and management of
crops grown in a given area that are not directly consid-
ered in the current study. Given the large range of vari-
ous factors that determine the ultimate fate of maize
grain from an area, we made the simplifying assumption
that the maize grain used for ethanol comes from an
even distribution of land under maize production.
Finally, the coupled model does not account for the
potential for a feedback to occur between the biosphere
and atmosphere whereby changes in surface hydrology
associated with increased ET could affect local to regio-
nal climate (Georgescu et al., 2011). Due to the nascent
nature of the cellulosic industry, each of these factors
was considered beyond the scope of this analysis.
Our results indicated a significant potential to reduce
DIN export from the MARB under various production
scenarios, at the scale required to meet RFS2, for cellu-
losic feedstocks while having a relatively minor impact
on total discharge. However, even the scenarios that
simulate total replacement of current maize ethanol
with miscanthus or switchgrass, DIN export was
reduced to the EPA target levels every year. This sug-
gests that targeted production of cellulosic feedstocks
within particularly sensitive portions of the MARB is
essential for maximizing the ecosystem services (Blesh
& Drinkwater, 2013). Therefore, cellulosic feedstocks
can be an important strategy for reducing the Gulf of
Mexico ‘dead zone’ while potentially providing a range
of additional ecosystem services.
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Supporting Information
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Fig. S1. Schematic representing the semicoupled Integrated
Biosphere Simulator – agricultural version (Agro-IBIS) and
Terrestrial Hydrology Model with Biogeochemistry
(THMB) process representation and workflow structure.
Schematic presented here with permission from Simon
Donner.
Fig. S2. Simulated mean nitrogen (N) mass in shoots (white
symbols), roots and rhizomes (gray symbols) and the total
plant (black symbols) for miscanthus (a) and switchgrass
(b) for the grid cell representing the site used to calibrate
the translocation algorithm based on data primarily from
Dohleman et al. (2012).
Fig. S3. Fraction of each 5 min 9 5 min THMB grid cell in
cellulosic feedstock production throughout the Mississippi–
Atchafalaya River Basin (thick black outline) for the 25%
replacement of croplands (fraction coverage scenario 5;
Table 1) (a) and 40% replacement of land currently under
maize production (MRX and MRS scenarios) (b).
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